ABSTRACT
Introduction
Glycogen synthase kinase 3 / SHAGGYlike genes (GSKs) in animals play critical roles in cell proliferation, cell differentiation, and development (for reviews see 3 and 9) . In contrast to the two animal genes, there is a multigene GSK family in plants with highly conserved kinase domains and variable N-and C-terminal domains that can be separated into four major groups based on protein sequence homology (7) . Although they are all highly homologous to the animal GSKs, they have diverse and important roles as regulators of stress and wound responses, flower development, and brassinosteroid signaling.
The Solanaceae subgroup within the group three GSKs are unique in that they contain an extended N-terminal region with a putative mitochondrial targeting sequence and are preferentially expressed during pollen development (14) . For example, the expression of the PSK6 gene in Petunia hybrida is induced transiently during anther cell differentiation in the tapetum and later in the mature pollen grain (2) . During pollen development the mRNA is almost exclusively detected in the cells surrounding the sporogenous tissue. The expression of the Nicotinia tabacum homolog, NSK6, is comparable with transcripts appearing first after mitosis I and they continue to accumulate until the mature pollen stage (14) .
Previously we reported the cloning of a tomato group III GSK-3/SHAGGY-like kinase, LpSK6, while studying differential gene expression in the Lycopersicon cytoplasmic male sterility (CMS) system (15) . Since CMS results from the inability of a plant to produce viable pollen, the identification of a GSK regulatory protein in anthers may help to determine the molecular mechanisms responsible for the phenomenon. CMS occurs in over 150 plant species with phenotypes that exhibit a lack or malformation of male organs, failure of PMC to undergo meiosis, and/or altered microspore development , abortion of pollen at any stage of development, possession of mature non-functioning pollen , and shortened petals (reviewed in 4, 8) . In the genus Lycopersicon, arrestment of pollen development in the CMS-pennellii phenotype appears between the tetrad and early microspore stages (11, . In this report we describe the further characterization of LpSK6 in terms of its relationships to the other group III GSKs and its tissue-specific expression.
Materials and Methods
Plant cultivation and tissue collection L. peruvianum and L. pennellii seeds were supplied by the AgroBioInstitute in Sofia, Bulgaria. The seeds were planted in a soil composition including a mix of 1. and a phenol/chloroform (3:1) extraction followed by ethanol precipitation using a MessageClean® Kit (GenHunter) was used to remove any DNA contamination from the RNA preparation. The purified RNA was stored at -80ºC.
RNA extraction of leaves, stems, roots, and petals was performed based on a modified protocol of Scotti et al. (12) . Approximately 4.0 grams of tissue were ground in dry ice using a mortar and pestle until it reached a powder consistency. The powder was placed in a chilled 50 ml centrifuge tube and RNA was extracted with 15.0 ml of RNA Extraction Buffer (4 M guanidine thiocyanate, 25 mM sodium citrate [pH 7.0], 0.5% sarcosyl, 0.1% β-mercaptoethanol). The tube was incubated at 65°C for 2 minutes using a water-bath and afterwards the homogenized mixture was strained through sterile cheesecloth into a fresh tube. Then 0.1 volume of 2 M sodium acetate was added to the tube and the suspension was extracted with 1.0 volume of water-equilibrated phenol/chloroform/ isoamyl alcohol (125:25:1, pH 4). The aqueous layer was extracted again with 1.0 volume of water-saturated chloroform. Nucleic acids were precipitated with the addition of 1.0 volume of isopropanol and incubation at -80°C for 2 hours. The suspension was centrifuged at 18,000 rpm for 20 minutes and the pellet was re-dissolved in 0.2 -0.4 ml 4 M LiCl and transferred to a 1.5 ml microcentrifuge tube. The suspension was centrifuged for 1 hour at 14,000 rpm and the pellet was re-dissolved in 0.3 ml of RNA Extraction Buffer by heating it at 65°C for 2 minutes. The suspension was precipitated in 1.0 volume of isopropanol for 1 hour at -80°C followed by centrifugation at 14,000 rpm for 1 hour. The pellet was then washed with 85% ethanol (ETOH) followed by a second wash with 100% ETOH and allowed to air dry before re-dissolving the pellet in 20 µl of DEPCtreated water. Quantitative RT-PCR RNA samples were treated for contaminating DNA using the DNA-free™ kit (Ambion). After incubation, the samples were centrifuged at 10,000 rpm for 1 minute to pellet the DNase Inactivation Reagent. The RNA was placed into a fresh tube and stored at -80°C. Reverse transcrip- tion reactions (RT plus) and control reactions without enzyme (RT minus) were performed for each RNA sample. RT plus reactions consisted of 1.0 µl of DNA-free RNA (20ng), 2.0 µl of T20 primer (2 µM), 2.0 µl of 10X RT Buffer (BioLabs), 17.9 µl of sterile ddH 2 O, and 1.6 µl of dNTP Mix (500 M). Samples were reverse transcribed as follows: 65°C for 5 minutes, 37°C for 60 minutes, 75°C for 5 min, followed by a 4°C soak. After ten minutes at 37°C, the thermocycler was paused and 0.5 l of MMLV reverse transcriptase (200u/ l) (BioLabs) was added to each sample. Samples were stored at -20°C. For the RT minus reactions the same reagents and conditions applied as described for RT plus reactions, except no MMLV was added.
For amplification of the LpSK6 cDNA, 50 µl reactions were prepared containing 2.0 µl of an RT reaction, 200 pmol (2 µl) of a 5' primer, TMSK3 (5'CACATGCCCAA TATATATGTGC 3') ( Fig. 1) , 200 pmol (2 µl) of a 3' primer TmSK2 (5'GGACAACCAGAAG ACATGAAATG 3') , 44.0 µl sterile ddH 2 O, and one Taq-Bead (Amersham). The reactions were conducted under the following PCR conditions: 94°C for 30 seconds; 61°C for 30; 72°C for 2 minutes for 33 rounds. Quantitative PCR control reactions were performed using 200 pmol of each primer for glyceraldehyde 3-phosphate dehydrogenase (GADPH) from published L. esculentum sequences. Primers GADPH3, 5' GCAGTTGGTACTCTGAA GGCC 3' (GenBank accession number U97257), and GADPH5, 5' CAGGAACCCTGA AGATATCCC 3' (GenBank accession number U17005) produced a 550 bp fragment (1). The PCR products were separated on a 1.0% agarose gel, stained with ethidium bromide, and visualized using a ChemiImager 4000 system (Alpha Innotech). Differences in band intensity were determined by spot densitometry of unsaturated signals. Fig. 2 (A) . Phylogenetic analysis of the group III (Solanaceae subgroup) homologues. Genebank accession numbers are:Y08607 (NSK6), AJ224163 (NSK91), AJ224164 (PSK6), AJ224165 (PSK7), AJ002314 (NSK111), and AJ002315 (NSK59).
DNA sequencing and phylogenetic analysis DNA sequencing was done in the laboratory of Dr. Richard Goodwin at the University of South Carolina, School of Medicine (Columbia, South Carolina) and at the DNA Sequencing Center at the University of South Carolina, Department of Biological Sciences (Columbia, South Carolina). Comparisons of nucleotide and the derived amino acid sequences to known sequences were performed using Vector NTI® Suite Software Version 6.0 and BLAST searches of the GenBank databases at the National Center for Biotechnology Information. The phylogenetic analysis was done using MEGA version 2.1 (10): clusteral X, UPGMA method, d = uncorrected p distance, and 1000 bootstrap.
Results and Discussion
Comparative analysis to other GSKs The LpSK6 clone consists of an 1865 bp cDNA that codes for a 475 amino acid protein (Fig. 1) . Phylogenetic analysis of the amino acid sequence compared to members of the Solanaceae subgroup showed that LpSK6 is most closely related to three members of the group III GSKs (Fig. 2A) . The derived amino acid sequence shares 95.6 %, 95.4 %, 91.4% iden- tity with three of the group three GSKs: NSK6, NSK91, and PSK6 respectively (Fig.  2B) . The amino acid sequence contains the 11 highly conserved domains characteristic of kinases (5) including the tyrosine residue in the T-loop that is equivalent to the Tyr 216 of GSK-3 in animals. Consistent with the other members of group III (14) , LpSK6 has an extended Nterminal region, which contains a potential mitochondrial localization signal with a putative cleavage site.
Tissue-specific expression of LpSK6
To determine the relative amounts of expression in different plant tissues we performed quantitative RT-PCR with RNA from L. pennellii anthers, stems, and roots using primers directed against the 3' half of the cDNA sequence (See Fig. 1 for the primer locations). As an internal control we amplified a 550 bp portion of the glyceraldehydes-3-phosphate dehydrogenase gene (GADPH) from the anther, stem, and root reverse transcription reactions. When adjusted to the control levels of amplification, spot densitometry of the resulting bands indicated that LpSK6 is expressed approximately 3 to 5 fold higher in anther tissue than in the stem or roots (Fig. 3) .
We cloned a cDNA that encodes a GSK from the anthers of Lycopersicon peruvianum, the female parent plant from in the Lycopersicon CMS system (11),. Amino acid comparisons and phylogenetic analysis reveals LpSK6 is highly homologous to two members of the Solanaceae subgroup, and is most likely an ortholog of the NSK6 and PSK6 genes. Furthermore, we found that the LpSK6 gene is preferentially expressed in the anthers of Lycopersicon pennellii.
These results are intriguing, since GSKs are important for development and cellular differentiation in both animals and plants. PSK6 and NSK6 in particular are expressed at critical times during pollen development; most of the PSK6 signal is localized to the tapetum (2, 14) . In the genus Lycopersicon the CMS phenotype appears between the Fig. 3 . Quantitative RT-PCR using primers for LpSK6 to amplify cDNA from L. pennellii anther, stem, and root RNA, from reverse transcribed (+) and control reactions (-). A 550bp portion of the GADPH gene was amplified as an internal control.
tetrad and early microspore stages of pollen development, approximately the same time period of when PSK6 and NSK6 are first induced.
The presence of a putative mitochondrial localization signal in these GSKs implies they may function directly in the mitochondria. A regulatory protein affecting organelle function is consistent with the current understanding of the molecular mechanisms responsible for CMS, which arises from compromised mitochondria due to incompatibilities between the nuclear and mitochondrial genomes (13, 6) .
The identification of this anther-specific GSK may help elucidate the functions of GSKs in plants and provide a better understanding of the molecular mechanisms that control the CMS phenotype in Lycopersicon.
